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An iron germylene complex having Fe–H and
Ge–H bonds: synthesis, structure and reactivity†

Tara Prasad Dhungana, Hisako Hashimoto * and Hiromi Tobita *

A base-free iron germylene complex Cp*(CO)(H)FevGeH{C(SiMe3)3} (1) was synthesised by abstraction of

pyridine from a germyl complex Cp*(CO)(py)FeGeH2{C(SiMe3)3} (2), which was prepared by treatment of

Cp*Fe(CO)(py)(Me) with H3GeC(SiMe3)3. X-ray crystallographic analysis revealed that 1 has an Fe–Ge

bond that is the shortest among those ever reported. Reactivity of 1 toward several polar unsaturated

organic compounds was investigated. Complex 1 underwent stoichiometric hydrogermylation of carbonyl

compounds such as ketones, aldehydes and isocyanates (RNCO) at room temperature. In contrast, the

reactions of 1 with isothiocyanates (RNCS) resulted in clean cleavage of the CvS double bonds.

1. Introduction

Transition metal germylene complexes having MvGe double
bonds are members of a family of heavier carbene complexes,
which are among the most important compounds in organo-
metallic chemistry from the viewpoint of structure and reactiv-
ity. The first example of germylene complexes was synthesized
in the 1970s,1 much earlier than that of silylene complexes,2

but the synthesis and reactivity study of germylene complexes
are still in the early stage of development.3–5 In contrast, the
chemistry of silylene complexes has accomplished great pro-
gress in recent years.6–9 By analogy to the important roles of
silylene complexes as intermediates in metal-assisted trans-
formation of organosilicon compounds, germylene complexes
should also play key roles in transformation of organogerma-
nium compounds.

Our group previously synthesised neutral silylene and
germylene complexes having M–H and E–H bonds, i.e.,
Cp*(CO)2(H)WvE(H){C(SiMe3)3} (A: E = Si,8 B: E = Ge10) and
Cp*(CO)(H)RuvSi(H){C(SiMe3)3} (C).

9 These complexes showed
peculiar reactivity toward various substrates such as nitriles,
ketones, enones and heterocumulenes. For example, silylene
complex A underwent stoichiometric hydrosilylation of
ketones and usually inert nitriles.8b Particularly noteworthy is
the reactions of tungsten germylene complex B with aryl-
isocyanates that resulted in an unprecedented conversion

of B into a germylyne complex, Cp*(CO)2WuGe{C(SiMe3)3},
through hydrogen transfer from B to the arylisocyanates
almost quantitatively.10c The remarkable reactivity of this type
of complexes is ascribable to the following cooperative actions
of the atoms and bonds in the (H)MvE(H) moiety, namely, (1)
the E atom of the polarized M(δ−)vE(δ+) bond acts as a strong
Lewis acid that can effectively induce coordination of polar
substrates, (2) in an intramolecular process the substrate
bound to the E centre can undergo nucleophilic attack by the
metal hydride, (3) the hydrogen atom of the E–H bond can
migrate to the metal centre when it becomes unsaturated, and
(4) the sterically unhindered MvE double bond can undergo
[2 + 2] and [2 + 4] cycloadditions. Furthermore, in the case of
silylene complexes,8,9 exchange of the metal was found to
cause considerable changes of the reaction patterns in most of
the substrates studied. These findings prompted us to syn-
thesise a new germylene complex having a (H)MvGe(H)
moiety with a metal other than tungsten. It should be men-
tioned that a related ruthenium germylene complex has been
reported by Tilley’s group.11

Recently there has been considerable interest in the metals
in the first transition series from the viewpoint of catalytic
application. Iron is the most important among them because
its natural abundance is the highest among all transition
metals in the Earth’s crust, its price is low, and it is relatively
non-toxic. Although a few base-stabilised germylene complexes
of iron have been synthesised,4 little is known about their
reactivity. Here we report the synthesis and characterisation of
the base-free iron germylene complex Cp*(CO)(H)FevGe(H)
{C(SiMe3)3} (1), its deuterated analogue 1-d2 having Fe–D and
Ge–D bonds, and reactivity of 1 toward polar unsaturated
organic compounds. Possible reaction mechanisms are dis-
cussed in comparison with those proposed for the tungsten
analogue B.

†Electronic supplementary information (ESI) available: NMR and IR spectra and
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graphic data in CIF or other electronic format see DOI: 10.1039/c7dt01159h
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2. Results and discussion
2.1. Synthesis of iron germylene complexes

Iron germylene complex 1 was successfully synthesised by a
method analogous to that for ruthenium silylene complex C.9a

Namely, treatment of Cp*Fe(CO)(py)Me with H3GeC(SiMe3)3 at
room temperature gave a mixture of germyl complex Cp*(CO)
(py)FeGeH2{C(SiMe3)3} (2) and a small amount of germylene
complex 1, from which complex 2 was isolated in 60% yield as
a dark red crystalline solid (Scheme 1). Complex 1 was
obtained by the addition of Lewis acid BPh3 to the above-men-
tioned mixture of 2 and 1. By this procedure, complex 1 was
isolated in 67% yield based on the starting materials as purple
red crystals by crystallisation from pentane. Analogously, the
deuterated complex Cp*(CO)(D)FevSi(D){C(SiMe3)3} (1-d2) was
obtained in 56% yield using D3GeC(SiMe3)3 instead of H3GeC
(SiMe3)3. These complexes were fully characterised by spectro-
scopic data, elemental analysis and X-ray crystal structure
analysis.

The 1H NMR spectrum (C6D6) of complex 2 shows two
doublet signals at 3.80 and 4.44 ppm in the usual region for
Ge(sp3)–H (cf. H3Ge{C(SiMe3)3} 3.85 ppm)12 as well as the
signals of Cp*, pyridine and SiMe. Two inequivalent doublet
signals for GeH2 indicate that the two GeH protons are diaster-
eotopic due to the chiral iron centre. In the 13C{1H} NMR spec-
trum, a signal for the quaternary carbon of C ̲(SiMe3)3 is
observed at −1.92 ppm, which is slightly upfield shifted com-
pared to the corresponding signal of H3GeC(SiMe3)3
(2.7 ppm).12 A signal for the carbonyl carbon appears at
225.9 ppm, which corroborates the observation of a strong
stretching band of CO at 1884 cm−1 in the IR spectrum. These
data are consistent with the X-ray crystal structure depicted in
Fig. 1, although the position of one of the two hydrogen atoms
attached to Ge was not determined. The structure of 2 clearly
shows that it takes a three-legged piano-stool geometry, and
the iron centre having four different ligands (Cp*, CO, pyridine
and germyl ligands) becomes a chiral centre. The Fe–Ge bond
length of 2 is 2.3979(5) Å (Table 1), which lies in the Fe–Ge
single bond range (2.26–2.50 Å).13

It is noteworthy that, when the pure crystals of 2 were dis-
solved in C6D6, besides the signals of 2, small signals assign-
able to germylene complex 1 were observed in the 1H, 13C and
29Si NMR spectra of the solution (see Fig. S9, S10 and S11,
respectively, in the ESI†). The ratio of 2 : 1 changed depending
on the concentration of the solution and was ca. 9 : 1 when the
concentration of 2 was 1.4 × 10–2 M in C6D6 at room tempera-
ture (Table S1 in the ESI†). Therefore, in contrast to the corres-

ponding ruthenium silicon system,9a in which no dissociation
of pyridine from a silyl complex analogous to 2 was observed,
it was found that 2 is in dissociation equilibrium with germy-
lene complex 1 and pyridine in solution (eqn (1)):

ð1Þ

The 1H NMR spectrum (C6D6) of isolated Cp*(CO)(H)
FevGe(H){C(SiMe3)3} (1) exhibits a doublet signal for GeH at
11.71 ppm (3JHH = 5.2 Hz). This downfield-shifted signal is
characteristic of the hydrogen atom on an sp2-hybridised ger-
manium atom.8a A doublet signal for the FeH hydrogen
appears in a very high field (−14.09 ppm, 3JHH = 5.2 Hz),
whose chemical shift is comparable with those of related
ruthenium silylene and germylene complexes, Cp*(CO)(H)
RuvSi(H){C(SiMe3)3} (C) (−11.19 ppm)9a and Cp*(iPr2MeP)(H)
RuvGe(H)(Trip) (−12.8 ppm).11 In the 13C{1H} NMR spectrum,
the signal for the quaternary carbon of C̲(SiMe3)3 is observed
at 36.4 ppm, which is downfield-shifted compared to the
corresponding signal of germyl complex 2 (−1.92 ppm).
A similar downfield shift has been reported for the carbon
atoms bonded to the sp2-germanium atom of tungsten
complex B (32.6 ppm).8a The 29Si{1H} NMR spectrum shows a
signal at −3.7 ppm for SiMe. The 1H, 13C and 29Si NMR spectra
of the deuterated complex Cp*(CO)(D)FevGe(D){C(SiMe3)3}
(1-d2) are mostly identical with those of 1 except for the
absence of proton signals for FeH and GeH.

In the IR spectrum of 1, the stretching band for CO appears
at 1918 cm−1. The stretching band of FeH is observed atScheme 1

Fig. 1 ORTEP drawing of 2. Thermal ellipsoids are drawn at the 50%
probability level. All hydrogen atoms except H18 are omitted for clarity.

Table 1 Selected bond lengths (Å) and angles (°) of Cp*(CO)(py)
FeGeH2{C(SiMe3)3} (2)

Fe(1)–Ge(1) 2.3979(5) Ge(1)–Fe(1)–C(1) 96.77(10)
Fe(1)–C(1) 1.738(3) N(1)–Fe(1)–C(1) 96.67(13)
Fe(1)–N(1) 1.992(2) Ge(1)–Fe(1)–N(1) 90.88(7)
Ge(1)–H(18) 1.64(4) Fe(1)–Ge(1)–C(2) 135.61(8)
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1880 cm−1 while that of GeH seems to overlap with the CO
stretching band. In the IR spectrum of 1-d2 (Fig. S8 in the ESI†),
the stretching band for CO (1917 cm−1) appears at nearly the
same wavenumber as that of 1. The weak band at ca. 1350 cm−1

can be assigned to the stretching vibration of FeD because this
band is not observed in the spectrum of 1 (Fig. S7 in the ESI†)
and the wavenumber value is close to the theoretically expected
value (1880/

ffiffiffi

2
p

= 1329 cm−1). The stretching band of GeD is not
clearly observed. The weak band at ca. 1383 cm−1 may be
assigned to it because the wavenumber of this band is also
close to the expected value for νGeD (1918/

ffiffiffi

2
p

= 1356 cm−1).
The molecular structure of 1 was unambiguously deter-

mined by X-ray crystallography. The ORTEP drawing of 1 is
illustrated in Fig. 2 and selected bond lengths and angles are
listed in Table 2. Complex 1 adopts a three-legged piano-stool
geometry consisting of Cp*, CO, germylene and hydrido
ligands. The Fe(1)–Ge(1) bond distance is 2.1923(8) Å, which is
the shortest ever reported for Fe–Ge bond lengths
(2.21–2.50 Å).5,13 The sum of the bond angles around Ge(1) is
359.7(2)°, which indicates that the Ge(1) atom is sp2-hybri-
dised. The interatomic distance between Ge(1)⋯H(1) is 2.20 Å,
which is much longer than the longest reported Ge–H
bond distance (2.08(6) Å) for (Et2PC2H4PEt2)2(CO)Mo
(η2-H-GePh2H).14 Therefore, it is concluded that there is no
inter-ligand interaction between Ge(1) and H(1) atoms in 1.

2.2. Reactions of 1 with nitriles

We next examined the reactions of iron germylene complex 1
with nitriles, which are known as relatively weak nucleophiles.

In contrast to the reactions of tungsten complex B that under-
went hydrogermylation of nitriles,10a treatment of 1 with
MeCN at room temperature led to the formation of a nitrile
germyl complex Cp*(CO)(MeCN)FeGeH2{C(SiMe3)3} (3a), a
simple coordination product (eqn (2)). The formation yield of
3a changed depending on the amount of added MeCN and
was 98% when 5 equiv. of MeCN was used (Fig. S14 in the
ESI†). When 1 equiv. of MeCN was employed, 3a was formed
in 70% yield and 30% of both 1 and free MeCN remained.
These observations indicate that there is an equilibrium
between 1 + MeCN and 3a. Nevertheless, complex 3a was suc-
cessfully isolated in 50% yield by crystallisation from the reac-
tion mixture obtained from 1 and 6 equiv. of MeCN in hexane.
Similarly, treatment of 1 with MesCN gave an analogous
germyl complex Cp*(CO)(MesCN)FeGeH2{C(SiMe3)3} (3b) in
98% NMR yield when 1 equiv. of MesCN was used. There is
also an equilibrium between 1 + MesCN and 3b, judging from
the NMR spectra. Complex 3b was isolated as red crystals con-
taining 0.5 molecule of toluene (determined by X-ray crystallo-
graphy) in 87% yield by the reaction of 1 and 1.2 equiv. of
MesCN in hexane, followed by recrystallisation from toluene
layered with hexane. Complexes 3a and 3b were also fully
characterised based on spectroscopic data and elemental
analysis.

ð2Þ

In the 1H NMR spectrum of 3a, a singlet signal for the Me
group of acetonitrile coordinated to Fe was observed at
0.90 ppm, which is downfield shifted compared to that of
free MeCN (0.62 ppm) (cf. 0.58 ppm in the literature15). Two
mutually coupled doublet signals characteristic of the dia-
stereotopic hydrogen atoms on Ge appear at 4.06 and
4.17 ppm (2JHH = 4.8 Hz). The 13C{1H} NMR spectrum exhi-
bits signals of CN and CO at 128.9 and 224.6 ppm, respect-
ively. The former is slightly downfield shifted compared to
that of free MeCN (116.2 ppm) (cf. 116.0 ppm in the litera-
ture).15 In the IR spectrum of 3a in the solid state (KBr
pellet), a stretching band for CN is observed at 2264 cm−1,
which is very close to that of Cp*W(CO)2(NCEt)Me
(2262 cm−1).16 The wavenumber of the CO stretching band
(1899 cm−1) is comparable with that of germyl complex 2
(1884 cm−1). All these data are consistent with the structure
of 3a illustrated in eqn (2).

Spectroscopic data of 3b resemble those of 3a except those
for the mesityl group and the signal of GeH protons.
Observation of only one singlet signal at 4.26 ppm for the
potentially diastereotopic two GeH groups is probably due
either to the accidental coincidence of the chemical shifts17

or the rapid inversion of the chiral iron center caused by fast
dissociation and recombination of the mesitylnitrile. The
structure of 3b was confirmed by X-ray crystal structure

Fig. 2 ORTEP drawing of 1. Thermal ellipsoids are drawn at the 50%
probability level. All hydrogen atoms except H(1) and H(2) are omitted
for clarity.

Table 2 Selected bond lengths (Å) and angles (°) of Cp*(CO)(H)FevGe(H)
{C(SiMe3)3} (1)

Fe(1)–Ge(1) 2.1923(8) Ge(1)–Fe(1)–C(1) 100.67(18)
Fe(1)–H(1) 1.36(7) C(1)–Fe(1)–H(1) 88(3)
Fe(1)–C(1) 1.742(5) Ge(1)–Fe(1)–H(1) 72(3)
Ge(1)–C(2) 1.994(4) Fe(1)–Ge(1)–C(2) 139.83(14)
Ge(1)–H(2) 1.54(8) C(2)–Ge(1)–H(2) 99(3)
C(1)–O(1) 1.150(7) Fe(1)–Ge(1)–H(2) 120(3)

Fe(1)–Ge(1)–H(2)–C(2) 169.54
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analysis as shown in Fig. 3, which clearly shows that the
MesCN ligand is coordinated to the iron centre. The selected
bond lengths and angles of 3b are listed in Table 3. The Fe–Ge
bond length is 2.4063(8) Å, which is comparable with that
(2.3979(5) Å) of 2 and falls in the range of reported Fe–Ge
single bonds (2.26–2.50 Å).13 The Fe(1)–N(1)–C(1) bond angle
is 176.5(4)°, indicating the almost linear coordination of the
nitrile.

The formation of nitrile germyl complexes 3a and 3b con-
trasts sharply with that of hydrogermylation products Cp*
(CO)2WGe(NvCHR)(H){C(SiMe3)3} (R = Me, Ph) by the reac-
tions of complex B with nitriles (Scheme 2).10a The difference
between the two systems can be rationalised by the terms of
polarity of the MvE bond and the geometry of the M centre.

In the case of B, it is suggested that coordination of nitriles to
the Lewis acidic germanium centre induces subsequent
hydride migration from W to the positively charged nitrile
carbon, which led to hydrogermylation products (top route in
Scheme 2).10a,18 In the case of iron complex 1, probably
because of the less polarised FevGe bond, the coordination of
the nitrile to the germylene ligand is weaker and the nitrile
carbon atom does not become electrophilic enough to induce
the hydride migration from Fe onto it. One may consider that
the W–H could be more hydridic than the Fe–H and, therefore,
it can migrate onto the substrate in the case of B. But, accord-
ing to our preliminary calculations, there is no large difference
in charge of the H atom of the M–H between B and 1.
Moreover, for B taking a four-legged piano-stool geometry at
the tungsten centre and having an inter-ligand interaction
between the germylene and hydrido ligands,10a the hydrido
ligand is located close to the coordinating nitrile. On the other
hand, for 1 having a three-legged piano-stool geometry at the
iron centre, the hydrido ligand cannot come close to the
nitrile carbon atom to migrate onto it. Instead, 1,2-migration
of the hydrido ligand from Fe to Ge and simultaneous 1,2-
migration of the nitrile ligand from Ge to Fe occur to give
coordination products 3 (bottom route in Scheme 2). As an
alternative route, it is also considered that 1,2-H migration
from Fe to Ge in 1 occurs initially and the nitrile coordinates
to the iron centre to give 3.

2.3. Reactions of 1 with ketones and aldehydes

Carbonyl compounds have CvO bonds that are even more
polarised than the CuN bonds of nitriles. Therefore, these
substrates should also strongly interact with the germylene
germanium atom of 1. As expected, 1 reacted with ketones in
a manner similar to that of tungsten complex B. Namely,
1 reacted with 1 equiv. of acetone and acetophenone at room
temperature to afford CvO hydrogermylation products Cp*
(CO)(H)FevGe(OCHMeR){C(SiMe3)3} (4a: R = Me, 4b: R = Ph)
in quantitative yields by NMR experiments (eqn (3)).
Complexes 4a and 4b were isolated as red crystals in 42% and
52% yields, respectively, by recrystallisation from hexane at
−30 °C and were characterised based on spectroscopic data
and elemental analysis.

ð3Þ

In the 1H NMR spectrum of 4a, the signal of FeH appears at
a very high field (−14.17 ppm), which is characteristic of metal
hydrides. Two sets of doublet signals at 1.36 and 1.45 ppm
(3JHH = 6.4 Hz) are assigned to the diastereotopic methyl
groups in the iPr group. The septet signal of the methine
proton (OCH ̲(CH3)2) is observed at 5.12 ppm (3JHH = 6.4 Hz).
The 13C{1H} NMR signals of the two diastereotopic methyl

Fig. 3 ORTEP drawing of 3b. Thermal ellipsoids are drawn at the 50%
probability level. 0.5 molecule of toluene is included in a unit cell but is
omitted.

Table 3 Selected bond lengths (Å) and angles (°) of 3b

Fe(1)–Ge(1) 2.4063(8) Fe(1)–N(1) 1.880(4)
Fe(1)–C(3) 1.743(5) C(3)–O(1) 1.158(6)
N(1)–C(1) 1.145(6) Ge(1)–C(2) 2.057(4)
Ge(1)–H(1A) 1.53(5) Ge(1)–H(1B) 1.49(5)
Fe(1)–N(1)–C(1) 176.5(4) C(2)–Ge(1)–Fe(1) 135.57(12)

Scheme 2 Comparison of the reactions of 1 and B with RCN.
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groups also appear inequivalently at 25.3 and 25.7 ppm. The
quaternary carbon signal of the C ̲(SiMe3)3 group is observed at
49.7 ppm, which is even lower than that of germylene complex
1 (36.4 ppm), suggesting the attachment of this group to the
sp2-germanium atom.

In the case of 4b, two diastereomers exist because the iron
and the methine carbon of OCHMePh are both chiral centres.
Indeed, the 1H NMR spectrum of 4b (Fig. S26 in the ESI†) exhi-
bits two sets of signals of FeH at −14.04 ppm for the major
isomer (denoted by 4b1) and −14.11 ppm for the minor isomer
(denoted by 4b2). The quartet signals for the methine proton
of OCH̲MePh appear at 6.18 (4b1) and 6.10 ppm (4b2), and
doublet signals for OCHM̲e̲Ph at 1.77 ppm (4b1) and 1.70 ppm
(4b2). The ratio of 4b1 : 4b2 was 8 : 1 by 1H NMR when the crys-
tals of the mixture were dissolved in C6D6 at room tempera-
ture. But it slowly changed into 3 : 2 upon heating the solution
at 40 °C for 36 h. This observation clearly indicates the exist-
ence of slow conversion between the two diastereomers.
Therefore, the determination of the stereochemistry of the two
diastereomers was difficult. Two sets of signals for the two dia-
stereomers are also observed by 13C{1H} and 29Si{1H} NMR
spectroscopy [13C{1H}: SiMe3 (5.38, 5.41 ppm), C5M ̲e̲5 (10.92,
10.95 ppm), C̲5Me5 (90.33, 90.38 ppm), OCHM̲e̲Ph (25.64,
26.45 ppm)]; 29Si{1H}: [−3.34, −3.30 ppm]. In the IR spectrum,
only one stretching band for CO appears at 1901 cm−1. The
stretching band of FeH is probably overlapped with the strong
νCO band.

Treatment of 1 with aldehydes, i.e. 2,4,6-trimethylbenzalde-
hyde and benzaldehyde, also resulted in the formation of
hydrogermylation products Cp*(CO)(H)FevGe(OCH2R){C
(SiMe3)3} (5a: R = Mes, 5b: R = Ph) in high yields by NMR tube
experiments (eqn (4)).

ð4Þ

Complex 5a was isolated in 59% yield as red crystals and
was characterised based on its spectroscopic data as well as
X-ray crystal structure analysis. In the 1H NMR spectrum, the
patterns of NMR spectra of 5a closely resemble those of 4
except the signals of the alkoxy group on Ge. The signals for
the diastereotopic methylene protons of OCH̲2Mes are
observed at 5.30 and 5.68 ppm and that for Fe–H at
−13.81 ppm. The 13C{1H} NMR chemical shift of the signal for
OC̲H2Mes (63.3 ppm) is close to those of 4a (67.4 ppm) and
the previously reported complex Cp*(CO)2(H)WvGe(OCH2Ph)
{C(SiMe3)3} (67.8 ppm).10a The crystal structure of 5a is shown
in Fig. 4, in which the position of the hydrogen atom of Fe–H
could not be determined. The length of the F(1)–Ge(1) bond is
2.2172(6) Å (Table 4), which is comparable with that of germy-
lene complex 1 (2.1923(8) Å).10a The sum of three bond angles
around Ge1 (359.1(2)°) is nearly 360° and is consistent with

the sp2-hybridisation of the Ge atom. Isolation of 5b has not
been achieved so far because of its thermal instability, but the
patterns of the signals of 5b in the 1H, 13C{1H}, and 29Si{1H}
NMR spectra closely resemble those of 5a except the signals
for the Ph group and are consistent with the structure of 5b
illustrated in eqn (4).

A possible mechanism for the formation of hydrogermyla-
tion products 4 and 5 is illustrated in Scheme 3. Initial coordi-
nation of the oxygen atom of a carbonyl compound to the elec-
trophilic germanium centre makes the carbonyl carbon more
electrophilic, which induces the 1,4-H transfer from Fe to the
carbonyl carbon in intermediate a. The iron centre is stabilised
by weak coordination of the oxygen atom of the resulting

Fig. 4 ORTEP drawing of 5a. Thermal ellipsoids are drawn at the 50%
probability level. The CO ligand is disordered in two positions and one
with higher occupancy factor 61% is depicted here.

Table 4 Selected bond lengths (Å) and angles (°) of 5a

Fe(1)–Ge(1) 2.2172(6) Fe(1)–C(1) 1.723(7)
Ge(1)–C(3) 1.988(3) Ge(1)–O(1) 1.795(2)
C(1)–O(2) 1.173(8) C(23)–O(1) 1.444(4)

C(1)–Fe(1)–Ge(1) 94.1(2) O(1)–Ge(1)–Fe(1) 120.12(7)
O(1)–Ge(1)–C(3) 97.41(12) C(3)–Ge(1)–Fe(1) 141.60(9)
Fe(1)–C(1)–O(2) 174.7(5)

Scheme 3 A possible mechanism for formation of 4 and 5.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2017 Dalton Trans., 2017, 46, 8167–8179 | 8171

Pu
bl

is
he

d 
on

 2
3 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 T
oh

ok
u 

D
ai

ga
ku

 o
n 

26
/0

7/
20

17
 0

6:
18

:4
7.

 
View Article Online

http://dx.doi.org/10.1039/c7dt01159h


alkoxy group to give intermediate b. Finally, the 1,2-H
migration from Ge to Fe leads to the stable hydrido(alkoxyger-
mylene) complexes 4 and 5. This mechanism is essentially the
same as that previously proposed for the reactions of the tung-
sten germylene complex B with ketones.10a,18 But the reactions
of iron complex 1 are much faster than those of tungsten
complex B. For example, the reaction of 1 with 1 equiv. of acet-
ophenone was complete after 1 h at room temperature, while
the same reaction with B took 36 h at room temperature even
when 24 equiv. of the substrate was employed.10a This com-
parison suggests that the coordination of the carbonyl oxygen
atom to the germanium centre is the rate-determining step in
this type of reaction. The coordination of carbonyl com-
pounds, which are relatively bulkier than nitriles because of
the presence of two substituents on the carbonyl carbon atom,
to Ge is much easier in the iron system than that in the tung-
sten system. This is because the MvGe bond is sterically less
hindered in the iron system which has a three-legged piano-
stool geometry than in the tungsten system which has a four-
legged piano-stool geometry.

For the interconversion between the two diastereomers 4b1

and 4b2, we propose a mechanism that involves the inversion
of the chirality of the iron centre through intermediate b in
Scheme 3. Namely, 1,2-H migration occurs from Fe to Ge in 4
to give b, in which dissociation of the alkoxy oxygen atom from
Fe allows rotation of the germyl ligand. Then, 1,2-H migration
from Ge to Fe occurs from the opposite side and final rotation
of the FevGe bond produces another diastereomer of 4.

2.4. Reactions of 1 with isocyanates

Complex 1 also underwent hydrogermylation of the
CvO bonds of isocyanates, which led to the formation of
Fe–Ge–O–C–N five-membered metallacycles. Thus, reactions of
complex 1 with 1 equiv. of phenyl and mesitylisocyanate at
room temperature gave Cp*(CO)Fe[κ2(N,Ge)–Ge(H)(OC(H)vNR)
{C(SiMe3)3}] (6a: R = Ph, 6b: R = Mes) almost quantitatively by
NMR (eqn (5)). Complexes 6a and 6b were isolated as reddish
brown crystals in 69% and 74% yields, respectively, and were
fully characterised.

ð5Þ
The characteristic features of 1H, 13C{1H} and 29Si{1H} NMR

spectra of 6a and 6b closely resemble those of a related tung-
sten complex, i.e. Cp*(CO)2W[κ2(N,Ge)–Ge(H)(OCHvNPh)-
{C(SiMe3)3}] (D) that was obtained by the reaction of B with
phenylisocyanate.10b In the 1H NMR spectrum of 6a, the
signals of GeH and NvCH–O are observed at 7.50 and
7.42 ppm, respectively, assignment of which were confirmed
by a 1H–13C HMBC NMR spectrum. The chemical shifts of

these signals are comparable with those of D (GeH 7.58 ppm,
NvCH 6.98 ppm). In the 13C{1H} NMR spectrum, the signal
for NvCH–O is observed at 170.4 ppm, which is very close to
that of D (170.7 ppm).8b The IR spectrum of 6a displays two
strong bands for νCO and νNvC at 1886 and 1558 cm−1, respect-
ively. The νGeH band is observed at 1941 cm−1. The structures
of both of 6a and 6b were confirmed by X-ray crystal structure
analysis. The core structures of each compound are essentially
the same. The ORTEP drawing of 6a is depicted in Fig. 5 and
the selected bond lengths and bond angles are listed in
Table 5. Those for 6b are included in the ESI.† Complex 6a has
a five-membered chelate ring consisting of Fe(1), Ge(1), O(1),
C(1) and N(1) atoms. The bond length of Fe(1)–Ge(1) is
2.3110(6) Å, which is close to the maximum value of the reported
FevGe bond lengths of germylene complexes (2.21–2.37 Å),5

and falls within the Fe–Ge single bond lengths (2.26–2.50 Å).13

The N(1)–C(1) bond length is 1.293(3) Å, which is close to the
shortest end of the N–C single bond range (1.27–1.37 Å)19 and
falls in the NvC double bond range (1.15–1.36 Å).20

Furthermore, the bond length of C(1)–O(1) is 1.278(3) Å, which
is close to the shortest end of the C–O single bond range

Fig. 5 ORTEP drawing of 6a. Thermal ellipsoids are drawn at the 50%
probability level. The hydrogen atoms except H(18) are omitted for
clarity.

Table 5 Selected bond lengths (Å) and angles (°) of 6a

Fe(1)–Ge(1) 2.3110(4) Fe(1)–N(1) 2.017(2)
Fe(1)–C(8) 1.726(2) Ge(1)–O(1) 1.935(2)
Ge(1)–C(18) 2.003(2) Ge(1)–H(18) 1.59(3)
O(1)–C(1) 1.278(3) C(8)–O(2) 1.151(3)
C(1)–N(1) 1.293(3) N(1)–C(2) 1.426(3)

N(1)–Fe(1)–C(8) 99.65(10) Ge(1)–Fe(1)–C(8) 98.12(7)
Ge(1)–Fe(1)–N(1) 83.15(5) Fe(1)–Ge(1)–O(1) 94.12(5)
Fe(1)–Ge(1)–C(18) 140.38(6) Fe(1)–Ge(1)–H(18) 112.5(10)
O(1)–Ge(1)–C(18) 99.04(8) O(1)–Ge(1)–H(18) 98.4(10)
C(18)–Ge(1)–H(18) 102.93(10) Ge(1)–O(1)–C(1) 113.43(14)
C(1)–N(1)–C(2) 114.9(2) Fe(1)–N(1)–C(1) 120.58(16)
Fe(1)–N(1)–C(2) 124.46(15) O(1)–C(1)–N(1) 124.4(2)

C(2)–N(1)–C(1)–O(1) −176.5(2) Fe(1)–N(1)–C(1)–O(1) 5.4(3)
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(1.26–1.39 Å)21 and also lies in the CvO double bond range
(1.19–1.32 Å).22 The sum of bond angles around N(1) is 360°.
The sum of three bond angles around Ge(1) [Fe(1)–Ge(1)–C(18) +
Fe(1)–Ge(1)–O(1) + C(18)–Ge(1)–O(1)] is 333.54(8)°, which is
close to 328° (sum of bond angles for the sp3-hybridised atom)
rather than to 360° (the sum of bond angles for the sp2-hybri-
dised one). These features of the bond lengths and angles
suggest that the structure of 6a is best described by the reson-
ance of the two canonical forms I and II (Chart 1).

The mechanism for the formation of five-membered ring
products 6 is considered to be essentially the same as that pro-
posed for the tungsten system which was based on DFT calcu-
lations10c (Scheme 4). It consists of (1) coordination of the
oxygen atom of the isocyanate to the electron-deficient germa-
nium atom to form c, (2) 1,4-H transfer from Fe to the carbon
atom of the coordinated isocyanate through d and (3) attack of
the N atom of the resulting N(R)vCH–O–GeHTsi ligand to Fe
in e. The processes (1) and (2) are analogous to the first and
second steps of the reactions with ketones and aldehydes
(Scheme 3). It should be mentioned that, although the reac-
tion patterns are similar, the reaction rates are very different
between the iron and tungsten systems. For example, the reac-
tions of iron complex 1 with MesNCO was complete in 4 h at
room temperature with 1 equiv. of the substrate, whereas tung-
sten complex B took 24 h at room temperature even when 2.4
equiv. of the same substrate were employed.10b This difference
can be understood by the steric hindrance around the MvGe
bond, as explained for the reactions with ketones: coordi-

nation of the substrate to the less hindered FevGe bond
should occur more easily.

2.5. Reactions of 2 with isothiocyanates

In contrast to the reactions with isocyanates, reactions of 1
with isothiocyanates (that have CvN and CvS double bonds)
did not give hydrogermylation products. Instead, germylthio-
lato(isocyanide) complexes were obtained. Namely, the reac-
tions of 1 with MesNCS and PhNCS gave Cp*(CO)(RNC)
FeSGeH2{C(SiMe3)3} (7a: R = Mes, 7b: R = Ph) quantitatively by
NMR experiments at ambient temperature (eqn (6)).

ð6Þ
Complexes 7 are formed as a result of CvS bond cleavage

of isothiocyanates. This is the first example of CvS bond clea-
vage of isothiocyanates mediated by germylene complexes,
although an analogous reaction has been observed for the
ruthenium silylene complex Cp*(CO)(H)RuvSi(H){C(SiMe3)3}.

9c

It has also been reported previously that such CvS bond clea-
vage reactions of isothiocyanates proceeded by the action of
several other organometallic complexes, Cp*Co(H2CvCH2),

23a

RhIr(CO)2(μ–η1:η2-C2Ph)(dppm)2[X] (X = BF3, SOCF3;
dmmp = Ph2PCH2PPh2)

23b and [Mo(P4)(dmmp)] (P4 = meso-o-
C6H4(PPhCH2CH2PPh2)2).

23c

Complex 7a was fully characterized spectroscopically as well
as crystallographically. In the 1H NMR spectrum at room temp-
erature, the signal for GeH2 is observed at 5.21 ppm as a singlet,
but this signal separated to two mutually coupled doublet
signals with an AB pattern at lower temperatures in the variable
temperature (VT) 1H NMR spectra. The other signals for Cp*,
SiMe3 and the mesityl group are observed in their normal
regions. The 13C{1H} NMR spectrum of 7a shows a signal at
181.1 ppm, which is a normal chemical shift for the terminal
isocyanide ligand (CuN). In the region for aryl carbon signals
(120–140 ppm), only three signals for ring carbons of the Mes
group are observed. The remaining fourth signal was confirmed
to be overlapped with that of the solvent signal (C6D6) by the
1H–13C HSQC NMR spectrum (Fig. S50 in the ESI†). In the IR
spectrum, two strong stretching bands for νCuN and νCO are
observed at 1941 cm−1 and 2096 cm−1, respectively, and a weak
band for νGe–H at 1988 cm−1. These data are consistent with the
structure of 7a determined by X-ray crystallography.

The ORTEP drawing of 7a is shown in Fig. 6. The selected
bond lengths and angles are listed in Table 6. Complex 7a
takes a three-legged piano-stool geometry consisting of Cp*,
CO, mesitylisocyanide and germylthiolato ligands, and the
Fe(1) atom thus becomes a chiral centre. The Fe(1)–S(1) bond
length (2.3248(7) Å) is nearly identical with that of Cp*Fe(CO)
(CHNMe2)(SGePh3) (2.34 Å),24 and the S(1)–Ge(1) bond length

Chart 1 Two canonical forms for 6.

Scheme 4 A proposed mechanism for the formation of five-membered
metallacycles 6.
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(2.2015(7) Å) is within the range of Ge–S single bonds
(2.16–2.30 Å).13 The Fe(1)–S(1)–Ge(1) bond angle is 109.38(3)°.
The bond angles of Fe(1)–C(1)–N(1) and C(1)–N(1)–C(4) are
179.3(3)° and 169.8(3)°, respectively, both of which are almost
linear. The N(1)–C(1) bond length is 1.168(3) Å, which is close
to those of ruthenium isocyanide complexes Cp*(CO)(MesNC)–
RuSSiH2{C(SiMe3)3} (1.167(7) Å)9c and RuCO(MesNC){B(mt)3}
(mt = methimazolyl) (1.168(5) Å).25

Although isolation of 7b was not achieved due to its low
thermal stability, the similarity of the 1H and 13C{1H} NMR
spectra between 7b and 7a except those of the mesityl group
supports the structure of 7b illustrated in eqn (6).

The CvS bond cleavage reactions by 1 present a great con-
trast with the reactions of tungsten complex B with isothiocya-
nates, which lead to W–Ge–N–C–S five-membered ring metalla-
cycles as kinetic-controlled products via hydrogermylation of
the CvN bonds10b (top route in Scheme 5). On the other
hand, this reaction is essentially the same as that reported for
ruthenium silylene complex C.10c Therefore, possible mecha-
nisms for this reaction should be analogous to those proposed
for the reactions of complex C with isothiocyanates (bottom
route in Scheme 5). Namely, coordination of the less sterically
hindered sulfur atom of an isothiocyanate to the germylene
ligand occurs to give g, while coordination of the nitrogen
atom of the isothiocyanate is difficult due to the steric repulsion
among substituents caused by the short Fe–Ge bond length in f.
But this S-coordination in g is so weak that the central carbon is

not sufficiently polarized to accept hydride migration from Fe.
Instead, [2 + 2] cycloaddition between the FevSi and CvS
bonds leads to h, from which reductive elimination of the Ge–H
bond and coordination of sulfur to the metal centre occur to
generate i. The weak C–S bond of i cleaves easily to give 7. An
alternative route involves coordination of the CvS bond of iso-
thiocyanate to the iron atom of the unsaturated silyl complex
produced by 1,2-H migration from Fe to Ge in 1. Subsequent
germyl migration to the sulfur atom produces i and then 7. At
present, there are no reasons to exclude the alternative route.

3. Conclusions

The base-free iron germylene complex Cp*(CO)(H)FevGe(H){C
(SiMe3)3} (1) was successfully synthesized and characterized.
The X-ray crystal structure analysis revealed that 1 has the
shortest Fe–Ge bond ever reported. Complex 1 reacted cleanly
with ketones and isocyanates via hydrogermylation of their
CvO bonds. In contrast, reactions of 1 with isothiocyanates
resulted in the CvS bond cleavage probably through the for-
mation of the Fe–S–C three-membered ring intermediate
having a large ring strain. These results demonstrate that iron
germylene complex 1 has reactivity comparable to or even
higher than that of tungsten analogue B and close to that of
ruthenium silylene complex C.

4. Experimental
4.1. General procedures

All manipulations were performed using either standard
Schlenk techniques, or vacuum line techniques, or in a glove

Fig. 6 ORTEP drawing of 7a. Thermal ellipsoids are drawn at the 50%
probability level. The hydrogen atoms except H(1) and H(2) are omitted
for clarity.

Table 6 Selected bond lengths (Å) and angles (°) of 7a

Fe(1)–S(1) 2.3248(7) Fe(1)–C(1) 1.819(3) Fe(1)–C(3) 1.756(3)
Ge(1)–S(1) 2.2015(7) Ge(1)–C(2) 1.997(2) Ge(1)–H(1) 1.59(4)
Ge(1)–H(2) 1.55(5) O(1)–C(3) 1.150(3) N(1)–C(1) 1.168(3)
N(1)–C(4) 1.394(3)

S(1)–Fe(1)–C(1) 84.78(8) S(1)–Fe(1)–C(3) 91.31(9)
C(1)–Fe(1)–C(3) 92.34(11) S(1)–Ge(1)–C(2) 114.18(7)
Ge(1)–S(1)–Fe(1) 109.38(3) C(1)–N(1)–C(4) 169.8(3)
Fe(1)–C(1)–N(1) 179.3(3) Fe(1)–C(3)–O(1) 178.1(3)

Scheme 5 Comparison of the reactions of 1 and B with RNCS.
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box under an argon atmosphere. Cp*Fe(CO)(py)Me26 and
H3GeC(SiMe3)3

10 were prepared according to the literature
procedures. Like H3GeC(SiMe3)3, D3GeC(SiMe3)3 was also pre-
pared by the reduction of Cl3GeC(SiMe3)3 with LiAlD4 instead
of LiAlH4. Toluene, hexane, pentane, and benzene-d6 were at
first dried over calcium hydride and degassed using the
freeze–pump–thaw technique, then stored with 4 Å molecular
sieves. Mesitylisocyanate, phenylisocyanate, mesitylisothio-
cyanate, and phenylisothiocyanates were distilled and stored
in a glove box before use. 1H, 13C{1H}, and 29Si{1H} NMR
spectra were recorded on a Bruker Avance-400 Fourier trans-
form spectrometer. The 1H and 13C NMR chemical shifts were
referred to the residual proton (C6D5H in C6D6, 7.15 ppm) and
the carbon (C6D6, 128.0 ppm) of deuterated benzene. 29Si NMR
spectra were referenced to an external standard of tetramethyl-
silane (0.0 ppm). IR spectra were obtained on a Horiba FT-730
spectrometer at room temperature. Mass spectra (MS) were
measured on a Shimadzu GC-2010 Plus spectrometer. High
resolution mass spectra (HRMS) and elemental analyses were
performed at Research and Analytical Center for Giant
Molecules, Graduate School of Science, Tohoku University.

4.1.1. Synthesis of Cp*(CO)(py)FeGeH2{C(SiMe3)3} (2). In a
30 mL Schlenk tube, Cp*Fe(CO)(py)Me (100 mg, 0.319 mmol)
was dissolved in toluene (5 mL). To this solution was added
H3GeC(SiMe3)3 (99.0 mg, 0.320 mmol), and the mixture was
stirred for 30 min at room temperature. The solvent was
removed under vacuum to give a dark red solid, which con-
tained Cp*(CO)(py)FeGeH2{C(SiMe3)3} (2) and a small amount
of Cp*(CO)(H)FevGe(H){C(SiMe3)3} (1) (by 1H NMR). This
crude product was dissolved in 0.7 mL of toluene and the solu-
tion was kept at −30 °C for crystallisation. After a few days,
dark red crystals of 2 were obtained in 60% yield (115 mg,
0.191 mmol). 2: 1H NMR (400 MHz, C6D6): δ = 0.40 (s, 27H,
SiMe3), 1.29 (s, 15H, Cp*), 3.80 (d, 2JHH = 3.2 Hz, 1H, GeH),
4.44 (d, 2JHH = 3.2 Hz, 1H, GeH), 6.13 (m, 2H, m-H of py), 6.53
(t, 3JHH = 7.6 Hz, 1H, p-H of py), 8.47 (m, 2H, o-H of py).
13C{1H} NMR (100 MHz, C6D6): δ = −2.0 (C ̲(SiMe3)3), 4.7
(SiMe3), 8.5 (C5M̲e̲5), 89.2 (C5̲Me5), 134.4, 158.2, (C5H5N, one
of the carbon signals of C5H5N seems to be overlapped with
solvent signals), 225.9 (CO). 29Si{1H} NMR (79.5 MHz, C6D6):
δ = –1.0 (SiMe). IR (KBr, cm−1): 1884 (νCO), 1941 (νGeH). Exact
mass (ESI, positive): calcd for [C26H49FeGeNOSi3 + Na]+:
628.1581. Found: 628.1576. Anal. calcd for C26H49FeGeNOSi3
(2): C, 51.67; H, 8.17; N, 2.32%; found: C, 52.02; H, 7.95;
N, 2.37%.

4.1.2. Synthesis of Cp*(CO)(H)FevGe(H){C(SiMe3)3} (1).
In a 50 mL Schlenk tube, Cp*Fe(CO)(py)Me (200 mg,
0.638 mmol) and H3GeC(SiMe3)3 (196 mg, 0.638 mmol) were
dissolved in toluene (10 mL), and the resulting solution was
stirred for 30 min. The solvent was removed under vacuum to
give a mixture of Cp*(CO)(py)FeGeH2{C(SiMe3)3} (2) and Cp*
(CO)(H)FevGe(H){C(SiMe3)3} (1), (2 : 1 = 5 : 1) estimated by 1H
NMR. This mixture was dissolved in hexane (10 mL) and BPh3

(155 mg, 0.640 mmol) was added to it. Then, the mixture was
stirred for further 30 min. During that time, a white
precipitate of py·BPh3 was formed. After filtration of py·BPh3,

all volatiles were evaporated from the filtrate and the residue
was recrystallised from pentane (3 mL) at −30 °C to give pure 1
(225 mg, 0.428 mmol, 67% yield) as dark red crystals. 1:
1H NMR (400 MHz, C6D6): δ = –14.09 (d, 2JHH = 5.2 Hz, 1H,
FeH), 0.36 (s, 27H, SiMe3), 1.74 (s, 15H, Cp*), 11.71 (d, 2JHH =
5.2 Hz, 1H, GeH). 13C{1H} NMR (100 MHz, C6D6): δ =
4.3 (SiMe), 10.8 (C5M̲e̲5), 36.4 (C ̲(SiMe3)3, 92.0 (C ̲5Me5),
223.8 (CO). 29Si{1H} NMR (79.5 MHz, C6D6): δ = –3.7 (SiMe3).
IR (KBr, cm−1): 1880 (νFeH), 1918 (νCO), 2034 (νGeH). Mass (EI,
70 eV, m/z): 526 (M+, 8.8), 525 (M+ − H, 10.7), 524 (M+ − 2H,
26.0), 480 (M+ − Me − H), 18.5), 293 (M+ − C(SiMe3)3 − 2H,
28.6), 73 (SiMe3, 100). Anal. calcd for C21H44FeGeOSi3 (1):
C, 48.02; H, 8.44%; found: C, 47.94; H, 8.56%.

4.1.3. Synthesis of Cp*(CO)(D)FevGe(D){C(SiMe3)3} (1-d2).
In a procedure similar to that described in section 4.1.2, Cp*
(CO)(D)FevGe(D){C(SiMe3)3} (1-d2) (95.0 mg, 0.179 mmol) was
prepared in 56% yield as dark crystals using Cp*Fe(CO)(py)Me
(100.0 mg, 0.319 mmol), D3Ge{C(SiMe3)3} (91% D) (100 mg,
322 mmol) and BPh3 (78.0 mg, 0.322 mmol). 1-d2:

1H NMR
(400 MHz, C6D6): δ = 0.36 (s, 27H, SiMe3), 1.73 (s, 15H, Cp*).
13C{1H} NMR (100 MHz, C6D6): δ = 4.2 (SiMe), 10.8 (C5M̲e̲5),
36.4 (C ̲(SiMe3)3, 92.0 (C ̲5Me5), 223.8 (CO). 29Si{1H} NMR
(79.5 MHz, C6D6): δ = −3.7 (SiMe3). IR (KBr, cm−1): 1350 (νFeD),
1383 (νGeD, tentative assignment), 1917 (νCO). Mass (EI,
70 eV, m/z): 526 (M+ − D, 10.5), 524 (M+ − 2D, 33.2), 479
((M+ − 3Me − 2D), 15.0), 380 ((M+ − 2SiMe3 − D), 2.93), 293
(M+ − C(SiMe3)3 − 2D, 2.7), 73 (SiMe3, 100).

4.1.4. Reaction of 1 with acetonitrile (MeCN)
(a) NMR scale reaction. In an NMR tube equipped with a

Teflon vacuum valve, 1 (6.0 mg, 0.011 mmol) and a small
amount of hexamethylbenzene (C6Me6) as an internal stan-
dard were dissolved in C6D6 (0.5 mL). After measuring the
1H NMR spectrum, acetonitrile (6.0 mg, 0.011 mmol) was
added to it at room temperature. Soon after the addition, the
1H NMR spectrum of the reaction mixture showed the for-
mation of Cp*(CO)(NCMe)FeGe(H)2{C(SiMe3)3} (3a) in 98%
NMR yield.

(b) Synthetic scale reaction. A Schlenk tube (15 mL) contain-
ing a magnetic stirring bar was charged with hexane (1 mL)
and 1 (20 mg, 0.038 mmol) and the solution was stirred. To
this solution was added acetonitrile (12 μL, 0.23 mmol, 6 eq.)
and the resulting solution was stirred for 5 min. Solvents were
removed under vacuum to give crude 3a. Solvents were par-
tially removed under vacuum until the volume became ca.
0.4 mL. Then, it was kept at −30 °C for crystallisation. After a
few days, red crystals of 3a were obtained in 50% yield (11 mg,
0.019 mmol). 3a: 1H NMR (400 MHz, C6D6): δ = 0.52 (s, 27H,
SiMe3), 0.90 (s, 3H, MeCN), 1.46 (s, 15H, Cp*), 4.06 (d, 2JHH =
4.8 Hz, 1H, GeH), 4.17 (d, 2JHH = 4.8 Hz, 1H, GeH); 13C{1H}
NMR (100 MHz, C6D6): δ = −2.5 {C ̲(SiMe3)3}, 3.8 (C̲H3CN),
4.7 (SiMe3), 9.0 (C5M̲e̲5), 89.6 (C ̲5Me5), 128.9 (CuN),
224.6 (CO); 29Si{1H} NMR (79.5 MHz, C6D6): δ = −0.8; IR
(KBr, cm−1): 1899 (νCO), 2264 (νCuN); mass (EI, 70 eV, m/z):
567 (M+, 1.2), 552 (M+ − Me, 8.6), 539 (M+ − CO, 1.1),
526 (M+ − MeCN, 12.5), 524 (M+ − MeCN − 2H, 12.5),
494 (M+ − SiMe3, 15.2), 478 (M+ − SiMe3 − H, 44.6), 336
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(M+ − C(SiMe3)3, 1.6), 73 (SiMe3, 100). Anal. calcd for
C23H47FeGeNOSi3: C, 48.78; H, 8.36; N, 2.47; found: C, 49.13;
H, 8.25; N, 2.52.

4.1.5. Reaction of 1 with MesCN
(a) NMR scale reaction. In a procedure similar to that

described in section 4.1.4(a), a solution of 1 (7.0 mg,
0.013 mmol) containing hexamethylbenzene as an internal
standard in C6D6 (0.5 mL) was treated with MesCN (2.0 mg,
0.014 mmol, 1 eq.) to give Cp*(CO)(2,4,6-Me3C6H2CN)
FeGeH2Tsi (3b) in 98% NMR yield.

(b) Synthetic scale reaction. In a procedure similar to that
described in section 4.1.4(b), a hexane (5 mL) solution of 2
(80 mg, 0.15 mmol) and 2,4,6-Me3C6H2CN (22.3 mg,
0.153 mmol, 1 eq.) was stirred for 15 min. After removal of
volatiles, the residue was recrystallized from a toluene (0.4 mL)
solution on which hexane (1.0 mL) was layered at −30 °C to
give red crystals of 3b·0.5C7H8 (containing 0.5 molecule of
toluene as a crystal solvent, which was confirmed by X-ray
diffraction study) in 87% yield (91.2 mg, 0.132 mmol). 3b:
1H NMR (400 MHz, C6D6): δ = 0.51 (s, 27H, SiMe3), 1.53
(s, 15H, C5Me5), 1.86 (s, 3H, p-CH3 of Mes), 2.28 (s, 6H, o-CH3

of Mes), 4.26 (s, 2H, GeH), 6.38 (s, 2H, m-H of Mes);
13C{1H} NMR (100 MHz, C6D6): δ = −2.3 (C ̲(SiMe3)3),
4.7 (SiMe3), 9.1 (C5M̲e̲5), 90.4 (C ̲5Me5), 20.6 (o-Me of Mes),
21.2 (p-Me of Mes), 112.0, 128.5, 129.6, 141.95, 141.99 (aryl
carbons of Mes and (CuN), 224.4 (CO); 29Si{1H} NMR
(79.5 MHz, C6D6): δ = −0.8 (SiMe3); IR (KBr, cm−1) 1909 (νCO),
1954 (νGe–H), 2214 (νCN); exact mass (ESI, positive): calcd for
[C31H55FeGeNOSi3 − H]+: 670.2074; found: 670.2070. Anal.
calcd for C31H55FeGeNOSi3: C, 55.53; H, 8.27; N, 2.09; found:
C, 55.21; H, 8.06; N, 2.28.

4.1.6. Reaction of 1 with acetone
(a) NMR scale reaction. In a procedure similar to that

described in section 4.1.4(a), to a solution of 1 (6.0 mg,
0.011 mmol) and hexamethylbenzene dissolved in C6D6

(0.5 mL) was added acetone (1.0 μL, the specific gravity (s.g.) =
0.79 g mL−1, 0.014 mmol). After 5 h, the 1H NMR spectrum
showed the formation of Cp*(CO)(H)FevGe(OCHMe2)
{C(SiMe3)3} (4a) in 99% NMR yield.

(b) Synthetic scale reaction. In a procedure similar to that
described in section 4.1.4(b), a solution of 1 (75.0 mg,
0.143 mmol) in hexane (4 mL) and CH3COCH3 (11.0 μL, s.g. =
0.79 g mL−1, 0.149 mmol) was stirred for 1 h at room tempera-
ture. Then, the solvents were removed under vacuum to give
crude 4a as a greasy solid. Recrystallisation of the greasy solid
in hexane at −30 °C gave pure 4a as red crystals in 42%
yield (36.0 mg, 0.062 mmol). 4a: 1H NMR (400 MHz, C6D6):
δ = −14.17 (s, 1H, FeH), 0.46 (s, 27H, SiMe3), 1.36 (d, 3JHH =
6.4 Hz, 3H, OCH(C ̲H3̲)2), 1.45 (d, 3JHH = 6.4 Hz, 3H, OCH
(C ̲H ̲3)2), 1.75 (s, 15H, C5Me5), 5.12 (sept, 3JHH = 6.4 Hz,
1H, OC ̲H̲(CH3)2);

13C{1H} NMR (100 MHz, C6D6): δ =
5.4 (SiMe3), 10.8 (C5M̲e̲5), 25.3 (–OCHM̲e̲2), 25.7 (–OCHM̲e̲2),
49.7 (C ̲(SiMe3)3), 67.4 (OC ̲H ̲Me2), 91.2 (C̲5Me5), 218.2 (CO);
29Si{1H} NMR (79.5 MHz, C6D6): δ = −3.4 (SiMe3); IR data
(KBr, cm−1): 1913 (νCO), 1858 (νFeH). Exact mass (APCI, posi-
tive): calcd for [C24H50FeGeO2Si3 − H]+: 583.1602; found:

583.1596. Anal. calcd for C24H50FeGeO2Si3: C, 49.41; H, 8.64;
found: C, 49.53; H, 8.42.

4.1.7. Reaction of 1 with acetophenone
(a) NMR scale reaction. In a procedure similar to that

described in section 4.1.4(a), a solution of 1 (5 mg,
0.010 mmol) containing hexamethylbenzene was treated with
acetophenone (1.2 μL, s.g. = 1.03 g mL−1, 0.010 mmol) to give
Cp*(CO)(H)FevGe(OCH(Me)Ph){C(SiMe3)3} (4b) as a mixture
of two diastereomers [4b1 (major) : 4b2 (minor) = 3 : 2] in 99%
NMR yield after 6 h.

(b) Synthetic scale reaction. In a procedure similar to that
described in section 4.1.4(b), a solution of 1 (50 mg,
0.095 mmol) and acetophenone (11 μL, 0.096 mmol) in hexane
(5 mL) was stirred for 1 h. After removal of volatiles, the
residue was recrystallized from hexane at −30 °C to give red
crystals of a diastereomeric mixture of 4b1 and 4b2 in 52%
yield (32 mg, 0.049 mmol).

4b1 (major diastereomer): 1H NMR (400 MHz, C6D6): δ =
−14.10 (s, 1H, FeH), 0.42 (s, 27H, SiMe3), 1.77 (d, 3JHH =
6.4 Hz, 3H, COCH3), 1.78 (s, 15H, C5Me5), 6.18 (q, 3JHH =
6.4 Hz, 1H, CH), 7.03–7.75 (m, 5H of Ph); 13C{1H} NMR
(100 MHz, C6D6): δ = 5.38 (SiMe3), 10.92 (C5M̲e̲5), 25.6
(OCHM ̲e̲), 50.5 (C̲(SiMe3)3), 73.3 (OC ̲Me), 90.3 (C5̲Me5), 126.4
(Ph), 127.5 (Ph), 145.6 (Ph), 218.3 (CO); 29Si{1H}NMR
(79.5 MHz, C6D6): δ = −3.34 (SiMe3); IR (KBr, cm−1): 1901
(νCO), 1859 (νFeH); mass (EI, 70 eV, m/z): 646 (M+, 7.2), 525
(M+ − OCHMePh, 19.3), 524 (M+ − OCHMePh − H, 38.0),
231 (C(SiMe3)3, 3.1), 121 (OCHMePh, 5.7), 105 (CHMePh, 100),
73 (SiMe3, 51.7); 4b

2 (minor diastereomer): 1H NMR (400 MHz,
C6D6): δ = −14.12 (s, 1H, FeH), 0.43 (s, 27H, SiMe3), 1.70
(d, 3JHH = 6.4 Hz, 3H, COCH3), 1.78 (s, 15H, C5Me5),
6.10 (q, 3JHH = 6.4 Hz, 1H, CH), 7.03–7.75 (m, 5H of Ph);
13C{1H} NMR (100 MHz, C6D6): δ = 5.41 (SiMe3), 10.95 (C5M̲e̲5),
26.5 (OCHM̲e̲), 51.1 (C ̲(SiMe3)3), 73.8 (OC̲Me), 90.4 (C5̲Me5),
126.39 (Ph). Other signals of the Ph group and CO ligand are
not clearly observed due to the low concentration of 4b2;
29Si{1H} NMR (79.5 MHz, C6D6): δ = −3.30 (SiMe3). Anal. calcd
for C29H52FeGeO2Si3 (for a mixture of 4b1 and 4b2): C, 53.96;
H, 8.12; found: C, 54.19; H, 7.92.

4.1.8. Reaction of 2 with 2,4,6-trimethylbenzaldehyde
(MesCHO)

(a) NMR scale reaction. In a procedure similar to that
described in section 4.1.4(a), a solution of 1 (7.0 mg,
0.013 mmol) containing hexamethylbenzene in C6D6 (0.5 mL)
was treated with 2,4,6-trimethylbenzaldehyde (2.0 μL, s.g. =
1.01 g mL−1, 0.014 mmol) to give Cp*(CO)(H)FevGe
(OCH2Mes){C(SiMe3)3} (5a) in ∼100% NMR yield.

(b) Synthetic scale reaction. In a procedure similar to that
described in section 4.1.4(b), a solution of 1 (60 mg,
0.114 mmol) and 2,4,6-trimethylbenzaldehyde (17.0 μL,
0.115 mmol) in hexane (3 mL) was stirred for 15 min. After
removal of volatiles, the residue was recrystallized from hexane
at −30 °C to give red crystals of 5a in 60% yield (45 mg,
0.068 mmol). 5a: 1H NMR (400 MHz, C6D6): δ: −13.81 (s,
1H, FeH), 0.39 (s, 27H, SiMe3), 1.80 (s, 15H, C5Me5), 2.15
(s, 3H, p-CH3 of Mes), 2.61 (s, 6H, o-CH3 of Mes), 5.30
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(d, 2JHH = 10.8 Hz, 1H, OC̲H ̲2Mes), 5.68 (d, 2JHH = 10.8 Hz, 1H,
OC̲H ̲2Mes), 6.85 (s, 2H, m-H of Mes); 13C{1H} NMR (100 MHz,
C6D6): δ = 6.1 (SiMe3), 11.9 (C5M̲e̲5), 91.2 (C5̲Me5), 20.6
(o-Me of Mes), 21.1 (p-Me of Mes), 51.9 (C ̲(SiMe3)3), 63.3
(OC ̲H2Mes), 129.4 (m-C of Mes), 134.8 (p-C of Mes), 137.2
(ipso-C of Mes), 137.8 (o-C of Mes), 224.4 (CO); 29Si{1H} NMR
(79.5 MHz, C6D6): δ = −3.3 (SiMe3). IR (KBr, cm−1): 1911 (νCO),
the νFeH band was not found (it must be overlapped
with the νCO band). Exact mass (APCI, positive): calcd for
[C31H56FeGeNO2Si3]

+: 674.2149; found: 674.2146. Anal. calcd
for C31H56FeGeO2Si3: C, 55.28; H, 8.38. Found: C, 55.33;
H, 8.35.

4.1.9. Reaction of 1 with benzaldehyde (PhCHO)
(a) NMR scale reaction. In a procedure similar to that

described in section 4.1.4(a), a solution of 1 (7.0 mg,
0.013 mmol) containing hexamethylbenzene in C6D6 (0.5 mL)
was treated with benzaldehyde (1.4 μL, s.g. = 1.042 g mL−1,
0.014 mmol) to give Cp*(CO)(H)FevGe(OCH2Ph){C(SiMe3)3}
(5b) in 84% NMR yield after 16 h. 5b: 1H NMR (400 MHz,
C6D6): δ: −13.86 (s, 1H, Fe–H), 0.41 (s, 27H, SiMe3), 1.75
(s, 15H, C5Me5), 5.39 (d, 2JHH = 12.0 Hz, 1H, OC̲H ̲2Ph), 5.51
(d, 2JHH = 12.0 Hz, 1H, OC̲H2̲Ph), 7.12 (a signal of p-H of Ph
seems to be overlapped with the solvent signal), 7.27 (t, 3JHH =
7.6 Hz, 2H, m-H of Ph), 7.59 (d, 3JHH = 7.6 Hz, 2H, o-H of Ph).
13C{1H} NMR (100 MHz, C6D6): δ = 6.1 (SiMe3), 11.8 (C5M̲e̲5),
91.3 (C5̲Me5), 52.6 (C̲(SiMe3)3), 69.1 (OC ̲H2Ph), 127.5, 128.6,
128.8, 142.1 (Ph), 219.3 (CO). 29Si{1H} NMR (79.5 MHz, C6D6):
δ = −3.3 (SiMe3).

All attempts to isolate 5b resulted in failure because of its
thermal instability.

4.1.10. Reaction of 1 with phenylisocyanate
(a) NMR scale reaction. In a procedure similar to that

described in section 4.1.4(a), a solution of 1 (5 mg,
0.010 mmol) containing hexamethylbenzene in C6D6 (0.5 mL)
was treated with phenylisocyanate (1.2 μL, specific gravity
(s.g.) = 1.10 g mL−1, 0.011 mmol) at room temperature. Soon
after the addition, the 1H NMR spectrum showed the for-
mation of Cp*(CO)Fe[κ2(N,Ge)–Ge(H)(OC(H)vNPh){C(SiMe3)3}]
(6a) in 98% NMR yield.

(b) Synthetic scale reaction. In a procedure similar to that
described in section 4.1.4(b), a solution of 1 (51 mg,
0.097 mmol) and PhNCO (11 μL, s.g. = 1.10 g mL−1,
0.097 mmol) in hexane (2.5 mL) was stirred for 30 min.
Solvents were removed under vacuum to give crude 6a. The
crude 6a was recrystallised in toluene layered with hexane at
−30 °C to give pure 6a as reddish brown crystals in 69% yield
(43 mg, 0.067 mmol). 6a: 1H NMR (400 MHz, C6D6): δ = 0.47 (s,
27H, SiMe3), 1.30 (s, 15H, C5Me5), 6.84 (m, 1H, 3JHH = 7.3 Hz,
p-H of Ph), 6.99 (m, 2H, 3JHH = 7.3 Hz, m-H of Ph), 7.13 (m,
2H, 3JHH = 7.3 Hz, o-H of Ph), 7.42 (s, 1H, NvCH), 7.50 (s, 1H,
GeH); 13C{1H} NMR (100 MHz, C6D6): δ = 4.8 (SiMe3),
9.3 (C5M̲e̲5), 14.4 (C ̲(SiMe3)3), 89.3 (C5̲Me5), 125.0 (Ph),
125.3 (Ph), 128.5 (Ph), 150.0 (Ph), 225.4 (CO); 29Si{1H} NMR
(79.5 MHz, C6D6): δ = −1.7 (SiMe3); IR (KBr, cm−1): 1900 (νGeH),
1886 (νCO), 1558 (νCvN); exact mass (ESI, positive): calcd for
[C28H49FeGeNO2Si3]

+: 645.1632; found: 645.1627; anal. calcd

for C28H49FeGeNO2Si3: C, 52.19; H, 7.66; N, 2.17; found:
C, 52.42; H, 7.39; N, 2.29.

4.1.11. Reaction of 1 with mesitylisocyanate (MesNCO)
(a) NMR scale reaction. In a procedure similar to that

described in section 4.1.4(a), a solution of 1 (7.0 mg,
0.013 mmol) containing hexamethylbenzene in C6D6 (0.5 mL)
was treated with mesitylisocyanate (2.4 mg, 0.015 mmol)
for 4 h to give Cp*(CO)Fe[κ2(N,Ge)–Ge(H)(OC(H)vNMes)
{C(SiMe3)3}] (6b) in 97% NMR yield.

(b) Synthetic scale reaction. In a procedure similar to
that described in section 4.1.4(a), a solution of 1 (80 mg,
0.13 mmol) and (2,4,6-trimethylphenyl)isothiocyanate (25 mg,
0.15 mmol) in hexane (5 mL) was stirred for 45 min. After
removal of volatiles, the residue was recrystallised from toluene
layered with hexane (0.4 mL : 1.0 mL) at −30 °C to give reddish
brown crystals in 74% yield (66 mg, 0.096 mmol). 6b: 1H NMR
(400 MHz, C6D6): δ = 0.52 (s, 27H, SiMe3), 1.30 (s, 15H, C5Me5),
1.69 (s, 3H, CH3 of Mes), 2.07 (s, 3H, CH3 of Mes), 2.61 (s, 3H,
CH3 of Mes), 6.25 (d, 4JHH = 0.8 Hz, 1H, m-H of Mes), 6.67 (d,
4JHH = 0.8 Hz, 1H, m-H of Mes), 6.71 (s, 1H, NvCH), 7.65 (s, 1H,
GeH); 13C{1H} NMR (100 MHz, C6D6): δ = 5.4 (SiMe3), 9.3
(C5M̲e̲5), 13.1 (SiMe3), 20.0, 20.5, 21.5 (3Me of Mes), 88.9
(C5Me5), 128.9, 130.5, 133.2, 134.2, 134.4 and 144.4 (ring
carbons of Mes), 224.9 (CO); 29Si{1H} NMR (79.5 MHz, C6D6): δ =
−1.3 (SiMe3); IR (KBr, cm−1): 1911 (νGeH), 1894 (νCO), 1560
(νCvN); exact mass (ESI, positive): calcd for [C31H55FeGeNO2Si3]

+:
687.2102; found: 687.2096. Anal. calcd for C31H55FeGeNO2Si3:
C, 54.24; H, 8.08; N, 2.04; found: C, 54.48; H, 8.39; N, 2.05.

4.1.12. Reaction of 1 with mesitylisothiocyanate
(a) NMR scale reaction. In a procedure similar to that

described in section 4.1.4(a), a solution of 1 (6.4 mg,
0.012 mmol) containing hexamethylbenzene in C6D6 (0.5 mL)
was treated with mesitylisothiocyanate (2.2 mg, 0.012 mmol)
to give Cp*(CO)(2,4,6-Me3C6H2NC)Fe[SGeH2{C(SiMe3)3}] (7a) in
∼100% NMR yield immediately.

(b) Synthetic scale reaction. In a procedure similar to that
described in section 4.1.4(b), a solution of 1 (60.0 mg,
0.114 mmol) and (2,4,6-trimethylphenyl)isothiocyanate
(20.5 mg, 0.115 mmol) in hexane (3 mL) was stirred for 15 min.
After removal of volatiles, the residue was recrystallised from
hexane at −30 °C to give brown crystals in 77% yield (62.0 mg,
0.0877 mmol). 7a: 1H NMR (400 MHz, C6D6): δ: 0.47 (s, 27H,
SiMe3), 1.60 (s, 15H, C5Me5), 1.96 (s, 3H, p-CH3 of Mes), 2.36 (s,
6H, o-CH3 of Mes), 5.21 (s, 2H, GeH), 6.53 (s, 2H, m-H of Mes);
13C{1H} NMR (100 MHz, C6D6): δ = 0.9 (C̲(SiMe3)3), 4.3 (SiMe3),
9.9 (C5M̲e̲5), 94.1 (C̲5Me5), 19.1 (o-Me of Mes), 20.9 (p-Me of
Mes), 128.7, 134.3, 137.0 (ring carbons of Mes, one ring carbon
(m-C of Mes) is overlapped with solvent signals), 181.1 (NuC–),
219.4 (CO); 29Si{1H} NMR (79.5 MHz, C6D6): δ = 0.2 (SiMe3);
IR (KBr, cm−1): 1941 (νCO), 1988 (νGe–H), 2096 (νCN); exact mass
(ESI, positive): calcd for [C31H55FeGeNOSSi3]

+: 703.1873; found:
703.1868; anal. calcd for C31H55FeGeNOSSi3: C, 53.00; H, 7.89;
N, 1.99; found: C, 53.40; H, 8.07; N, 2.03.

4.1.13. Reaction of 1 with phenylisothiocyanate (PhNCS)
(a) NMR scale reaction. In a procedure similar to that

described in section 4.1.4(a), a solution of 1 (70 mg,
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0.013 mmol) containing hexamethylbenzene in C6D6 (0.5 mL)
was treated with phenylisothiocyanate (1.6 μL, 0.013 mmol) to
give Cp*(CO)(2,4,6-C6H5NC)Fe[SGe(H)2{C(SiMe3)3} (6b) in 97%
NMR yield. 7b: (1H NMR, 400 MHz, C6D6): δ = 0.49 (s, 27H,
SiMe3), 1.50 (s, 15H, C5Me5), 5.25 (AB quartet, 2JHH = 20.4 Hz,
2H, GeH), 6.79 (m, 1H, p-H of Ph), 6.87 (m, 1H, m-H of Ph),
7.11 (m, 2H, o-H of Ph); 13C{1H} NMR (100 MHz, C6D6): δ = 1.1
(C ̲(SiMe3)3), 4.3 (SiMe3), 9.7 (C5M̲e̲5), 94.4 (C ̲5Me5), 125.8,
127.5, 129.4 and 131.7 (ring carbons of Ph), 182.6 (NuC),
219.1 (CO). All attempts to isolate 7b resulted in failure
because of its thermal instability.

4.1.14. X-ray crystallographic analysis. Single crystals suit-
able for X-ray diffraction measurement of 1, 2, 3b·0.5C7H8, 5a,
and 6a·0.5C7H8. 6b and 7a were coated with a layer of paraffin
oil and were mounted on a nylon loop, and held at a position
under a cold stream of N2 on the diffractometer. Diffraction
measurements were made on a Rigaku R axis-Rapid Imaging
Plate Diffractometer with graphite monochromated Mo-Kα
radiation about 150 K. Numerical absorption collection
was made using the program NUMBAS.27 The structures
were solved by Patterson and Fourier transform methods
(SHELXS-97)28a and refined by full matrix least-squares tech-
nique on F2 with SHELXL-2016,28b using Yadokari-XG 2009
software29 as a graphical user interface. The positions of some
hydrogen atoms (see ESI† for details) were found from differ-
ence Fourier electron density map and refined isotropically. All
other hydrogen atoms were placed at their geometrically calcu-
lated positions and refined riding on the corresponding
carbon atoms with isotropic thermal parameters. The posi-
tions of C(1) and O(2) atoms of 5a were disordered in two posi-
tions (61%, 39%). All non-hydrogen atoms were refined aniso-
tropically. Crystallographic information has been deposited
with the Cambridge Crystallographic Data Centre: CCDC
1527941 (1), 1527942 (2), 1527943 (3b·0.5C7H8), 1527944 (5a),
1527945 (6a·0.5C7H8), 1527946 (6b) and 1527947 (7a).
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